This paper deals with the problem of optimization of the final turn-into-the-wind maneuver of an aerial delivery system with account of the best known winds. The wind model required for the optimization algorithm to work may utilize onboard wind estimates only, incorporate the ground winds provided a priori or on-line by the target ground station, or be based on the winds measured and uplinked by the preceding system. The previous work by the authors took care of the major touchdown error contributor, downwind variation of the winds. The effect of these variations was mitigated by constantly recomputing an optimal reference trajectory to complete a final turn in a given time. This paper presents some modifications of the original optimization routine to accommodate some specific applications including intentional landing with a substantial crosswind component and operating in the mountainous areas with significant variations in the vertical component of the wind (updrafts and downdrafts). Specifically, the paper presents derivation of equations to account for one-, two-and three-dimensional structure of the wind. In addition, adjustments to the optimal control problem using the direct-method-based approach developed earlier for a simple one-dimensional wind model are developed.
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ADS
I. Background
N tw the an attempt to mitigate the effect of unknown variable winds, Slegers and Yakimenko formulated the following o-point boundary-value problem (TPBVP) (Fig.1). 1,2 Using a right-handed coordinate system {W} aligned with prevailing ground wind (defining a downrange axis) we need to bring a non-powered aerial delivery system (ADS) from some initial point, with the state vector defined at 0 t = as 
(here is the estimate of a steady-state descent rate).
* v V Hence, we need to find the trajectory that satisfies the boundary conditions (BCs) (1) and (2) 
The assumption of a constant descent rate allows eliminating the differential equation for an altitude and reducing ADS' kinematics down to
From these two equations it follows that if the final-turn trajectory is given (defined analytically by ( ) x t and ), then the yaw angle along this trajectory is related to the change of the inertial coordinates as ( )
Differentiating Eq. (7) provides with the yaw rate control required to follow the reference final-turn trajectory in a presence of a constant downwind W The developed guidance and control algorithm was implemented on the Snowflake ADS. 3 In the period between May of 2008 and May of 2011 this system has been dropped from different deployment platforms from altitudes 2,000-14,000 ft above the ground level (AGL) over 150 times. 2 During the first set of three drops in May of 2008 the Snowflake ADS exhibited the circular error probable (CEP) of 55m with the standard deviation of 9m. 4 These parameters were gradually reduced to the CEP of 11m with the standard deviation of 6m, exhibited in the set of four drops in August of 2010. 4 This outstanding performance of the smallest autonomously guided ADS, featuring the cheapest and therefore the worst canopy and being most susceptible to the winds was achieved by implementing the latest technologies in control theory 1, 6 and also by utilizing the best available options of accounting for the unknown surface-layer winds. This paper presents modifications of the original optimal control (8) based on alternative wind models, which can be quite different from the one presented in Eq. (3) . To this end, the following section presents some flight test data recorded by an onboard sensors suite during a couple of arbitrary chosen drops showing that the actual values of and W can vary quite drastically. Based on observations of these data, Sections III and IV discuss different application-specific modifications of the final-turn optimization routine of Ref.1 and briefly described in the beginning of this section. More precisely, Section III accommodates linear and logarithmic wind profiles in the downwind direction (1D winds optimization), and Section IV considers both downwind and crosswind components (2D optimization). Section V simplifies computational algorithms of Section IV by utilizing the precomputed ballistic winds. Section VI addresses variations in the initial conditions for the final-turn maneuver caused by variable 2D winds. Section VII presents a simple way of mitigation the effects of wind updrafts and downdrafts (3D optimization).
Surface-Layer Winds Figure 2 presents two samples of data measured/estimated and recorded onboard the Snowflake ADS. The plots in the first column belong to one drop terminated with the miss distance of 10m, and in the second column -to a second drop that resulted in a miss distance of 6m. The first row of the plots presents the altitude versus time profile. The second row shows estimated downwind component of the wind (which changes all the time based on the latest observations of the ground track speed measured by the onboard Global Positioning System (GPS) receiver). The third row shows vertical speed of the ADS as measured by GPS and smoothed (filtered) by the onboard inertial navigation unit. The last row of the plots presents different stages of flight when these data were collected. and W for the same sets of data as versus altitude, rather than time. Looking at both sets of data together one can notice that the descent rate (negative of the vertical speed) varies from 0m/s (as a result of some updraft motion) all way up to 6m/s, apparently affected by a close to the ground downdraft. It is indicative that both sets of data belong to the same ADS dropped at the same location less than an hour apart. No wonder that parafoils systems, being influenced by varying winds exhibit inconstant performance. Obviously, in the general case the unaccounted winds may have components in all three directions
(here x w denotes a downwind component, not accounted for by Eq.(3), while z w is considered positive for downdrafts to be consistent with the descent rate sign convention). With disturbances (9) the kinematic equations (6) become three-dimensional
In the original algorithm of Ref.1 however the unaccounted winds (9) were treated as disturbances, so that it was up to the control system to mitigate their effect while still using Eq.(6) to compute the reference control (7) . Surely, these disturbances were then the primary reason for the ADS not tracking the calculated optimal-turn trajectory precisely. As shown in numerous simulations and in practice it is these winds that can cause the ADS to land short of the target (in the case of the higher than expected head winds) or overshoot it (tail winds). That is why the optimal trajectory needs to be constantly updated during the final turn, each time starting from the current (off the original trajectory) initial conditions (IC) and still forcing the ADS to be at point (3) within an updated (5) .
turn T The goal of the following sections is to account for wind disturbances (9) at the stage of generating the reference control, i.e. trying to use Eq.(10) instead of Eq.(6). Obviously, it can be done only if the wind disturbance components (9) can be modeled (using more information about the winds known a priori). To this end, Section III starts with more accurate modeling of downwind component of the surface winds, followed by Section IV introducing a crosswind component and ending with Section V discussing the vertical wind component.
III. Optimization Based on the Linear and Logarithmic Surface-Layer Wind Models
Assume that instead of a constant x-component of the prevailing wind W versus altitude h (Eq. (2)) we have a linear profile ( )
4 American Institute of Aeronautics and Astronautics where is a known ground wind and coefficient
is defined by the ground wind and wind measured at an altitude (corresponding to the point where the final turn begins). In terms of Eq. (9) it means that we are trying to model the downwind disturbance as
. Such a profile might be based on the known ground winds (available from the nearby airport, measured by the target ground station, 3, 7 etc.) uplinked to the descending ADS. 
( 1 2 ) and different BCs. To be more specific, starting from some (different) initial point, defined by a different expression for a distance past the target on the downwind leg to initiate the final turn maneuver (defined in Ref.1 as switch D ), we will need to bring a parafoil to the point ( )
(computation of switch D
To compute the offset in Eq.(13) we used the fact that the final landing approach starts at the altitude , so that using an obvious relation will be addressed in Section VI).
we may write
In this case, inverting equations (12) 
( )
as well as computation of an altitude
and the corresponding wind magnitude at each computational node
The latter two values then are to be used to compute time intervals between two computational nodes 
The remaining equations will still be the same.
IV. Accommodating Cross-Wind Data
The optimization routine of the Snowflake guidance algorithm can also accommodate crosswinds if they are known in one form or another. This capability may be useful in organizing a swarm attack or landing onto a ship's deck, not necessarily aligned with the wind. 9 Consider ( ) ( )
to be x-(downwind) and y-(crosswind) components of a horizontal wind profile approximated with some analytical dependence (e.g. of the form of Eq. (11) or (24) or cubic spline). Then, we can write
Note that instead of Eq. (6) we are now using the first two equations of (10), emphasizing that the entire trajectory is intentionally aligned not with the major wind component, so that can actually be even larger than (i.e.
we let ). 
while its derivative will be presented by 
(where and ). The total speed will now be expressed as /
The numerical procedure will proceed with the boundary conditions to be used in the numerical equations similar to those given in Section IV.
V. Using Ballistic Winds
In the previous section we were relying on some analytical wind profiles ( ) Ψ , then the effect of variable winds and for some system with the descent rate V v on its way from altitude H down to the surface is reduced to simple
or in other words 
The index starts from 2 because by definition the winds measurements at the lowest altitude can be considered ballistic winds at this altitude. From Eqs.(41) it further follows that (
For the specific case when , 
If the ballistic winds are known a priori, meaning that ( ) 
Here switch D is the distance passed the target's traverse when the base turn should be initiated (in this case upon completion of the aforementioned two phases the ADS will be right on/above the target), and The altitude budget equation for these two plus the portion of the downwind leg phase starting at some altitude h at a distance x from the target's traverse is 0 * * 2 
